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KNOWLEDGE BASE AND ASSUMPTIONSFOR HOLISTIC MODELLING
AIMED AT REDUCING AXIAL ERRORS OF COMPLEX MACHINE TOOLS

The paper presents the idea and need for the iboligtdelling of machine tools. The complexity ofchu
modelling is illustrated for a 5-axis machining ten The need to model errors in the controllabtesa
of machine tools with rotational and linear motidrives is indicated. The physical dependences lkgavin
a bearing on the state of deformations producettimperature and dynamic forces, as well as thargstsons
and computational models of shift generation in ligh-speed bearing sets of spindles, and modetheof
behaviour of the ball screw are presented. Moredkerresults of experimental studies of the thébehaviour

of linear motor sets and guideways with rollingdie are reported.

1. INTRODUCTION

The minimization of machine tool errors is of kawpiortance for increasing the
productivity of machine tools. This applies partasly to conventional precision
machining, micromachining and nanomachining. Theendemanding are the machining
precision requirements, the more closely the esooirces and their behaviour in the natural
static, thermal and dynamic conditions need to kamgned. Dealing separately with
individual errors is insufficient in most casesl| e errors and their interactions should be
analyzed jointly.

Modelling is employed to improve and optimize maehtools. The starting point for
modelling is always the up-to-date theoretical @nactical knowledge of the considered
family of machine tools, covering their history addvelopment. Computational analyses
of machine tools focus mainly on accuracy distudesnand errors and their minimization
and compensation.

In most practical cases, when measuring errors yimawhic states (characteristic
of HSC machining), the total of thermal errors anbrs due to dynamic loads is identified.
For example, in the case of high-speed spindlessuim of the axial thermal elongation and
the spindle shift caused by centrifugal forcesagetmined [1],[2],[3].[4]. The same applies
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to positioning errors in the ball screw feed drivieswhich case the structure deformation
error caused by the forces of inertia of the mabs@®y moved is added to the thermal error
[5],[6],[7]. In order to holistically identify suclerrors one needs to model them accurately
on the basis of very deep knowledge enablimge to take into detailed account all the
physical phenomena involved. Such knowledge isisedurom both fundamental research
and industrial research, conducted by the manufasuand the investigators of the
particular components of controllable axes.

The reduction of machine tool errors to errors achine tool controllable axes greatly
facilitates their minimization and compensation.iri§e aware of this, machine tool
manufacturers put much emphasis on creating desigasimally geometrically and
thermally axially symmetric. Thermal symmetry ishewved not only through the proper
distribution of heat sources and masses and tharghaf heat exchange, but also through
the selection and arrangement of points linkingrttaehine tool housings. For this purpose
detailed holistic models are needed. The assungtion and the acquisition of the
necessary knowledge are analyzed in the subseqaetstof this paper. Recently research
into the modelling of machine tool thermal erroestbeen undertaken by many research
centres, particularly with regard to effective ermmpensation [8],[9],[10],[11]. Also
machine tool manufacturers have been intensivelgystg this problem, aiming at
increasing more precise error identification andnpensation. For example, the number
of compensated components of the spindle headigwtatxis position error has been
increased from 4 to 11, whereby the error has beduced from 12m to 4um (courtesy
of Y. Hanaki the President of OKUMA Co. — an unpsivéd paper delivered at the CIRP-
PMI 2012 Conference).

2. HOLISTIC MODELLING ASSUMPTIONS

The starting point for computational analyses otinmae tools is their post-assembly
condition which meets the quality requirements witgard to the operating parameters.
The requirements are specified by the manufaciaternal standards or the relevant ISO
standards. The basic computational model must en#i® numerical simulation and
analysis of machine tool behaviour in the wholegmarof variation in the operating
parameters. In many cases, simplifications are naadethe computations are reduced to
determining the machine tool error in a single pah the workspace and for a single
spindle/tool position relative to the table/worlqee However, for machine tool accuracy
evaluation the determination of the deviations fritv@ assumed positions/errors in three-
dimensional space is genuinely useful. A model Bngisuch error identification is highly
complex. It must very accurately map the defornmsticaused by external and internal
forces, the thermal deformations and their intéoast and the dynamic loads and their
combined effect on power losses and thermal str&mby such a holistic model enables
one to accurately identify the geometries/errorsansient states (Fig. 1). If the model also
covers vibrations then full machine tool virtuatia is possible. Therefore intensive
research has been undertaken to develop fullyrated holistic models. A major constraint
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Is the extreme complexity of the computational sagkvolved and the still inadequate
computing power of the commonly available computers

It should be noted that in holistic modelling coewlthermal phenomena are
considered jointly with the impact of naturally izne dynamic loads on them. Because
of the interdependence of the processes the ldadsdapend on the thermal state. This
applies to both the high-speed spindle assembly anigular ball bearings and to rolling-
screw gears. The neglect of the thermal and forteedependences in HSC machine tools is
a gross simplification. However, many researchemkansuch simplifications when
modelling, e.g., self-excited (chatter) vibrations.

HOLISTIC MODELLING AND OPTIMIZATION
of Machine Tool Behaviour

Thermal Model G l.oads Model > | Control Model

} Y v}
Axes y
components Control axes behaviour
and assemblies integrated modelling and simulation

Axes and Body | Three dimentional behaviour
basic structure modelling and simulation

Axes and Body Errors behaviour, axial and volumetric
B g modelling, simulation and analysis

Axes and Body Cutting process behaviour modelling simulation and
full structure estimation of impact on machine tool error
Machine Tool Modelling of machine tool behaviour integrated and
System active improvement and errors in real time compensation
Product Workpiece precision in real time

Fig. 1. Main components of machine tool holisticdelting and optimization

Because of the introduced simplifications it isezdg®l to finely tune (on the basis
of temperature and thermal displacement measursinir® models used for modelling the
thermal behaviour of the particular controllableswf machine tools.

Finally, a separate problem is the complexity ofistic modelling. Only the main
machine tool operating states or the entirety @f phocesses which occur in long time
intervals of machine tool use can be modelled.him latter case, modelling also covers
precision disturbance processes, the arising of®and their behaviour, error self-service
and compensation, the arising and servicing oicatistates and the behaviour of errors in
the accepted intervals of their variation in anychmae tool operating conditions (Table 1).
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The models of errors arising in the above stated #reir variation must be
experimentally verified. This provides the basis tlee optimization of both accuracy and
the whole operation process [12].

Table 1. Identification and virtualization of pra@ses taking place in machine tools

Real processes taking place in machine tool|  Virtualization of machine tool

behaviour
Processes of .
degradation and | Identification of properties| ~ Processes of modeliing and
servicing optimization
Post-assembly Accurate identification of Accurate models of properties
service properties state of properties
Disturbances Identification of state | Models of disturbance generation
sources and disturbance and behaviour in operating
variation conditions
Geometry and Identification of errors and Models of errors and their
motion errors in their variation behaviour in operating conditions
controlled axis
Self-servicing Identification of servicing Self-servicing modelling
process and properties
Error compensation Identification of Predictive models of error and
compensation process compensation
Generation of Prediction of critical stateg Predictive modelsfical states
critical states
Servicing of critical Identification of repair Models of repair processes and
states processes critical states
Permissible level off Continuous identification of Models of continuous error state
disturbances and state monitoring
errors

In holistic modelling it is also essential to také account intelligent processes, such
as self-healing, in the form of, e.g., active cogliinfluencing the rate of heat exchange and
controlling the loading of the spindle and ballesgrrolling elements in the feed drive.
If such intelligent processes are present, it easary to take them into account in order to
accurately predict controllable axis errors whieea to be compensated.

Figure 2 illustrates the modelling of the behaviotia 5-axis machining centre in its
controllable axes. Many of the modelling assumgi@amd test results presented in this
paper are for this centre and a lathe centre.
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Fig. 2. Holistic model of 5-axis machining centre
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3. ROTATIONAL AXIAL DRIVE MODEL

For holistic modelling, it is vital to develop acate models of spindle assemblies and
ball screw assemblies. The assemblies have a dieacing on machine tool precision and
errors. The latter must be accurately predicted @mdpensated. Considering that today
these are high-speed assemblies, motion dynamicg bwi taken into account in the
modelling of the heat generation and heat transfethem. The motion dynamics are
characterized by great accelerations, sharp jeré@ggeeat centrifugal forces and gyroscopic
moments acting on the rotating elements. This Bagmtly affects power losses and the
deformations of the spinning elements and theipldements. In the case of the load-
bearing structures of housings, to a different degnsulated from the surroundings by
closed spaces and shields, their dynamics ardfismmily affected by their thermal capacity
or inertia. Attempts are made to reduce heat actation to the minimum. Nevertheless, it
must be taken into account in precise modellingsoAdll kinds of screens insulating the
load-bearing structure of machine tool housingsnfrexternal heat sources and from the
heat generated by the machining process shouldkiea into account. The variation in heat
generation in the course of machining is high aegethds on the particular machining
processes.

Spindle assemblies are modelled as heat sourcds weitiable thermal output
determined by changing hydrodynamic friction momieigt the loads originating from the
external and internal forces (in the form of momihj and the variable heat transmission
conditions, especially under forced cooling. Thsibaelations through which §and M,
can be incorporated into the model are shown ireTal{see Annex). The numerical model
takes into account the interdependence betweemthmal loads in the bearings and the
thermal deformations of the spindle assembly corapts It describes in minute detail the
state of loading in transient states and so thetam in the thermal output of the bearings.
In the same way the power losses in the bearingseofotary and tilting tables in axes A
and C are modelled (Table 3 - see Annex). The bgsaiiespecially cross bearings) used in
such tables (Fig. 3), with one row of rollers cargyradial loads and two rows carrying
axial loads, are characterized by low sensitivitypower losses to changes in axial loading
during heating. An increase in the axial force meaow of rollers is compensated by
a reduction in load in the other row or in the memlicularly set rollers whereby the total
power losses are approximately constant. Thankstdhe computational procedure can be
simplified.

The relations for power losses in torque motors gypical cooling conditions are
shown in Table 4 (see Annex). The torque motorsgirsited with the axes of rotation,
replacing the traditional designs of high-speed e tool spindles, constitute variable
large sources of heat. Owing to them increasingijhdr rotational speeds — as high as
45 000rpm or even above 60 000rpm — can be reaétsethe torque, the accelerations and
the jerks are constantly increased, the motorsrengeater machine tool productivity and
dynamic stability. The motors need to be intengiaeloled in order to ensure the required
operating characteristic, the proper operation h& $pindle assembly bearings and the
minimization of thermal errors in the axis of rodat
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Fig. 3. Types of tilting rotary table bearings

As already mentioned, in high-speed spindle assembbwith angular contact ball
bearings, housed in a slidable sleeve tensiondd spitings, shift significantly affects the
position of the spindle tip. The causes of thetsri# described in detail in [1]. The structure
of the mathematical model for calculating the shsftshown in Fig. 4. A change in any
of the model parameters disturbs the equilibriurthefforces acting on the rolling elements
and races of the bearings. The equilibrium canelgained only by changing angles and
a;. In reality, the balls seek a position in whicle thquilibrium takes place. In the model,
this position and the appropriate angles are detexhteratively in two stages. In the first
stage, it is assumed that the contact strains enntier and outer races are equal and the
condition:aq+0;=20,, is satisfied (Fig. 4), whereas in the second ctmecondition is not
satisfied. Sufficient accuracy of angle determiratis usually obtained already in the first
stage of computations. The angles are used tordieterninternal axial unbalanceg which
results in greater deflection of the springs and shift of the sleeve and consequently, in
the displacement of the spindle tip as the rotalispeed changes.

Knowing reactions RR,, R, one can determine the effects which will ensuemwh
any of the reactions changes as a result of exteanges, such as:

- a change in the interference between the spantiethe inner ring,

- heat-induced changes in the diameter of the ramgisthe balls,

- spindle diameter change, and so on.

Experimental studies carried out by the authorsvsti@t at 45 000rpm the shift for
a spindle with a slidable sleeve exceeds the tHeefoagation. The results obtained using
the above model have been corroborated many timdests carried out on experimental
machine tool prototypes.
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Fig. 4 Comprehensive mathematical model of loadsgh-speed bearing: a) algorithm of first stage,
b) equilibrium of forces, ¢) methodology of searghfor equilibrium angles

4. LINEAR FEED AXES

4.1. FEED DRIVE WITH BALL SCREW

Today linear feed axes are expected to ensurelgppsdsghest and uniform speeds,
high dynamics (even above 2g; the average being mnge of 0,7-0,9) and precisely
controllable high accuracy of positioning headstyctables and carriages. The latter
parameter of the linear drive characterizes thacsire very well since it comprises all the
thermal interactions, the force interactions aralititeractions between them. Thus it takes
into account the thermal elongation of the drivemponents as they heat up, their
deflections caused by the pulling force and thetibn forces and the dependences between
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power losses, the stiffness of the bearing carsiatie stiffness of the connection between
the ball nut and the screw, and the stiffness @il screw itself.

Therefore when considering drives with a ball scrmve should take into account
several aspects which determine the intensity am@hility of the heat sources (the motor,
the bearings, the nut/screw, the guideways), thernthl displacements and the
displacements caused by pulling forcg,fF force R tensioning the ball screw and
the friction forces on the guideways (Fig. 5). Tdase:

- the nut preload,

- the nut/screw friction,
- the guideway friction,
- the bearings friction,
- the screw pretension,
- the inertia,

- the gravity,

- the rigidity,

- the axis angle,

- the cooling,

- the outer force,

- the environment.

b)
guideway
motor
\F ok —Epully
a screw

bearings nut bearings

Fig. 5. Ball screw feed axes: a) integrated feegbly, b) drive components

Besides speed, the following parameters can chasigeresult of drive operation:

- the moment and power of friction in the nut, ojiag with the pulling force
determined by the variable friction forces and tbheces of inertia of the shifted
masses as the carriage moves to the left and eighp and down (Table 5, Fig. 6).
Table 5 (see Annex) does not include additionaseawf the variation in the friction
moment, stemming from changes in the rotationaledpef the ball screw.
The immediate cause can be the rolling frictionflccient and changes in the contact
angles of the balls in the nut assembly [18],
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Fig. 6. Power loss variation in @36 nut during dexion, travelling at constant speed of 0,5mi$ laraking

- the axial force loading the bearings, changinthwhe thermal elongation of the ball
screw,

- the power losses in the bearings, changing with axial force in the ball screw
(Fig. 7),

- the ball screw stiffness changing with the positof the nut, directly affecting the
positioning error (Fig. 8),

- the stiffness of the bearings depends on theabkeriaxial force in the ball bearing
and on the position of the nut, having a bearinghenaxial displacements of the nut,

- the force and power of friction on the guidewaghanging with speed and
determining the coefficient of friction and the tdisution of pressures on the
guideways (Fig. 9).

Screw diameter D=36mm
Power loses in bearing set (left side)

140

1
120 + Q —— | Initial power losses Q1=116 W —
35 Power losses with lack of tension Q2= 45W
80
| BB | Sl

. 1N

0

R=6200N > R=0N

Screw stretching force R

Fig. 7. Effect of actual ball screw tension onro@apower losses
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Similarly as for the slide guideways, the thermatpait of the rolling blocks was
modelled (Table 6 see Annex). The distributionhs forces loading the particular blocks
stems only from the distribution of the masses faah the forces of inertia acting during
acceleration and braking. The efficiency of thdimgl systems of linear motion is very high
(>99%), mainly owing to the very low coefficient adlling friction (ranging from 0,002 to
0,003 for rolling elements and from 0,005 to 0,064 rbller elements). Figure 10 shows the
rise in temperature measured on the rolling bloaksing and on the guideway during the
operation of a medium-sized milling centre. Actyalhhis is the result of the combined
action of the heat generated in the rolling bloakd the heat coming from the linear motor
(the heat impacts could not be separated).

755 -
E;
< 2
2 X-axis linear motion system
£ i 100% feed (max)
o]
E 1 MM%“
< P A T
g /rﬂ/-l‘ A
g 0.5 ”\-:M ——guide line X H
= —LM block body X
0 T T T
0 50 100 150
Time [min]
b)
25
o0 o 3
3 2 1 X-axis linear motion system —
E 1,5 1 40% feed (max) |
ol
g 1
S 05 “MW—W
§ ™
g 0 : , T
£ -0.51 | ——guide line X —LM block body X [.
i
0 50 100 150
Time [min]

Fig. 10. Rise in temperature of guideway in medgined 5-axis machining centre for: a) maximum fesd,
b) 40% of maximum feed rate

In general, the problem of heat load modelling ceormdewn to the modelling of heat
sources with variable output, combined with thetantaneous temperatures and thermal
elongations of the ball screw and with the intacaxst connected with the pulling forces
generated by the motor to overcome the variableomaesistances, the inertial forces and
the gravity forces.

It should be mentioned that today the maximum festds achieved using the ball
screw and the direct linear motor are as high a8®M/min and 80 m/min, respectively.
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4.2. FEED DRIVE WITH LINEAR MOTOR

Direct feed drives (Fig. 11c) are a.c. motors witimdings in the primary part and
permanent magnets (in the secondary part), fixea tstationary element, such as the
machine tool bed, the carriage body, etc.

Y-axis linear motor
100% feed (max)

ZJWW ~—

Temperature rise [deg]

1 —Secondary part ||
—Primary part
0 T T T
0 50 100 150
Time [min]
b)
6 -
T Y-axis linear motor
o, 40% feed (max)
] VAT Y A
»n 4 W Y
= /V"MM POV WW‘\/M*‘\,\
g 3 <
‘é / —Secondary part
2. 2y —Primary part | |
5 1
[_1
0 : ; .
0 50 100 150
Time [min]
c)
Measuring
Guide carriage system
N\ Slide b
Guide r;l\\\ / H{
1 U
Alr-gap__ Primary part
Secondary part

~ Machine bed

Fig. 11. Temperature rise for linear motor workingnedium-sized 5-axis machining centre at:
a) maximum feed rate, b) 40% feed rate, c) linemedcomponents

The motor design, e.g. the size of the air-gap betwthe primary part and the
secondary part, the magnet materials, the massesdnthe supply voltage and the forces
loading the motor during feeding (including thetig forces), determines power losses.
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The motors must be very intensively cooled, esfigctae part with windings, in
which nearly 98% of the total heat is generatece bat flux which, despite the working
coolers, may penetrate into the machine tool logakibg structure, is mainly determined by
the efficiency and stability of the cooling systemscording to the manufacturers of the
motors, the structure may heat up by a few degueesresult. This has been confirmed by
measurements of the rise in temperature of thegsyirand secondary parts in a medium-
sized milling centre (Fig. 11a,b). The temperawir¢he stationary part, impacting here the
housing, increases maximally b and that of the moving part being cooled, by ashm
as 5C.

Such practical knowledge can be directly exploitedmodel the thermal impacts
of linear motors on the adjoining machine tool comgnts.

5. DISCUSSION OF HOLISTIC MODELS IMPLEMENTATION

The presented models of heat generation in théiootd and linear drives of machine
tools interrelate the thermal output of the soureath the temperatures, forces and
geometric dimensions, which continuously changidéncourse of operation.

Through the thermal dimensional changes in the eliam of the races and the balls
and through the axial thermal dimensional chandeth® spindle unit components the
changes in temperature affect the internal loatierbearings.

Similarly in the feed drives, the changes in terapge, which occur in thermally
nonstationary states, cause changes in ball screlvgal, which in turn lead to changes in
the force loading the ball screw bearings and thgpsrts of the bearings, with all the
thermal and stiffness consequences. As a resalfpdlver losses in the bearings and in the
motor driving the ball screw as wells as the heak f@rce induced deformations (including
the positioning error) change.

When the models are implemented in FEM computati@yatems, the modelled
object is loaded with stationary or moving heat rees with their output changing
depending on the instantaneous state of stresstethperatures and the heat and force
induced deformations in the computed structure.aA®sult of heat distribution and the
force and heat induced deformations of the whotecsire (computed by the FEM
software), interactions between the machine toituake place.

As mentioned earlier, the objective towards whiok should move is a holistic model
of the machine tool. Because of the two constraints

- the insufficiently comprehensive models of theepdmena and interrelations

involved in the operation of the main machine taaoits (insufficient knowledge
base),

- the inadequate computing speed of the availaBl®l frograms, especially in the

case of a larger number of simultaneously operatargplex units,
the objective has to be reached in stages.

The Wroclaw University of Technology research teamnwhich the present authors
belong, has been working on accurate models amditibegration for many years. To date,
three holistic model concepts for:
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- a machine tool with one operating, structurabbynplex headstock,
- a machine tool with one operating electrospindlté different bearing configurations,
- a machine tool with one operating feed drive vaitball screw have been developed.

Some of the results relating to displacements antpérature distributions, obtained
using the first two holistic models have alreadgm@ublished [15],[22],[23],[24]. Further
research on holistic models covering the simultaseoperation of many linear and
rotational drives is underway. This means thatehier a knowledge base sufficient to
integrate the correlations describing power loskeat transfer, including forced cooling in
motion (moving heat sources) conditions [not puidd yet], deformations and
displacements (induced by heat as well as by exiteamd centrifugal forces), accelerations
and jerk in the particular modules of the contiukeaxes.

The models developed and validated for specifigiS-machining centres and turning
centres are helpful in the computer simulation ofors and in the creation of their
simplified models implemented in compensation pdoces, not only in the central point,
but also in space [not published yet].

Currently the research is focused on refining thieatations to be implemented in the
models and integrating them into the FEM-ABAQUStsys in order to ensure natural
interactions.

6. CONCLUSION

The models presented in this paper can be suctlgsséed in the holistic modelling
and computational simulation of high-speed machootaxial drive modules for improving
their behaviour and error compensation. They anegbeonstantly upgraded and fine-tuned
as new materials are introduced and rotationaldspaed feed rates increase.

The precision of holistic modelling depends ondbeuracy of the relations describing
the phenomena involved and their integration ihloEEM system used. Today the holistic
modelling of machine tools has become a key rebgamablem.
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ANNEX
Table 2. Friction torque in spindle bearings
Calculated .
quantity Basic formulas Source
Total friction M=M_+M
torque 0 ! Palmgren [13]
Torque due to M, = f,Bd,,, Nmm
applied load f, — factor related to bearing type and load
P, — equivalent load dependent on external beariad forces
dn — mean diameter of bearing (mm)
Torque due to Bearing operation in negative clearance range
applied load - Jedrzejewski [14]
PP M, =fId,, Nmm J [14]

' — equivalent load dependent on external beadad forces and on
internal forces

Equivalent loag r=|p, if P,>F,and .
F, — external radial force acting on bearing

For roller bearing -F, = 5zL7*'L3°, N

L, — absolute value of negative radial clearapoe,
L., — roller length, mm
z— number of rolling elements

For ball bearing -F, = 0.8zL-°d°, N

di — ball's diameter, mm

Torque due to rich/jet lubrication
3

lubricant viscou M, =107 f (Vn)md . Nmm
friction o " L
f, — factor related to bearing type and lubricatiorthud
v — kinematic viscosity of lubricant (nffs)
n — rotating speed of bearing (rpm),
minimal lubrication
M, =107 Wf_(n)"*d_°, Nmm Jedrzejewski [14]

m !

Jedrzejewski [14]

Palmgren [13]

W _ coefficient of minimal lubrication dependent gpé of bearing

Table 3. Friction torque of tilting rotary tablearangs

Calculated Basic formulas Sour ce
quantity
Conventional and cross axial/radial cylindrical tegs
Total friction k k
torque M = ; My + 2_1: My Palmgren [13]

Moi, My; —friction torque,
k — number of roller rows
k=3 — conventional bearing; k=2 — cross bearing

For 8, <AXmax
Torque due to M, = M, (I*'row) + M, (2" row) = constant

applied load AX — change in race distance due to heating uprottsire
9, — strain caused by bearing preload

Blazejewski [15]
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For conventional bearing
Strain Qoe
Onax = 0,079 Bos Hm Lundberg [16]
For cross bearing
. 09 . .
Strain O = 0,079v2 Lg'g , Hm Blazejewski [15]
W
Q. —roller load:
For axial row
Qo = & ! N
Roller load _ z
For crossbearing
Q. = . N Blazejewski [15]
Roller load ° 95
P,, — axial bearing load, N
z — number of rollers in one row,
L,, — roller length, mm
Table. 4. Power losses in rotary direct drive n®tor
Calculated Basic formulas
quantity
Total continuous powe?, to be dissipated by coil
Pc ,W (in catalogue data sheets)
(©=13¢°C)
Power 5
dissipation by Pc _ 15[Rclc W ETEL [17]
coil (©#130°C) 2
TRMS
Torque Tc - continuous torque for coil temperature of 130/
(in catalogue data sheets)
Current Ic - continuous current for coil temperature of 130A@ms
_ (in catalogue data sheets)
Resistance Rc— resistance of windings at actual working tempeea
Rc = Ry, (1+(0,00392[(© - 20))), Ohm
R,o— catalogue electrical resistance at 20°C, Ohm
© — actual temperature of windindg&
Trus - €quivalent torque for whole cycle
Equivalent
torque
T, - torque values for step\l - number of steps
t; - step durationt,q. = complete motion time
Power
dissipation by Poor = 002PC 10c)
rotor
PC o .1a0c i
Fw = 0,01433—2225), I/min
Water flow ATw
AT,, - water temperature difference between input arigui coolant
Fw
Pressure drof AP = AP(cataiogue) BF ) | , bar
catalog ue,
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Table 5. Power losses in nut-ball screw connection

Power losses
in ball screw-nut
assembly

2
20007

W — table and workpiece weiglkg

(M, +Mn W
9.55
n —otational speed of ball screw, rpm

Calculated quantity Basic formulas Source
Basic torque of KIE. [L
preloaded nut-ball o :W' Nm NSK [19]
screw connection
Fp—preloadN; L —lead mm
F, <=
P28
F. —equivalent external axial load
K —preload torque coefficient
K = 005
L
m,
Friction torque during dn, —screw shaft pit: circle diametenm
accelerati — -
ion M, =38 Nm HIWIN [20]
17
n —ball screw efficiency
& —angular acceleratiomad/seé
_2n ( _ )
&= ﬁ rpnltaga rprnstaga
a
t, —acceleration rise timesec
Load inertia J —load inertia
NSK [19]

Table 6. Power losses in rolling guideways

Calculated quantity

Basic formulas

Power losses

Average load of block

Total load
of block

Ball and roller LM systems

P=(uF, +f)v, W

M - friction coefficient, v - speed of motion, m/s

F.— average load, N, f -, frictional resistance of seals, N

Fo=3/t D (FWP L)

F;— varying load, L — total distance travelled,

L; — distance travelled under load F

Fw =F, +kIf, [F,,,

THK [21]

F,— preload, F,— external load,

k — external load factor
f, —dynamic load factor




